Oblique large-scale laminar-turbulent patterns are found near the onset of turbulence in subcritical planar shear flows. Their robustness to the introduction of wall roughness is investigated numerically in plane Couette flow as a function of the Reynolds number and the roughness height.
INTRODUCTION (a)
[8, 9] and contains two free parameters : the streamwise density of roughness elements and can directly be tested versus future experimental investigations or numerical simulations.
108
In particular, two different cases are considered, depending on whether roughness elements imposed in both planar directions.
137
The time increment is small enough to satisfy the Courant-Friedrichs-Lewy (CFL) cri- Table I . This 142 resolution is comparable to that used by Busse & Sandham [8] . It is fine enough to capture 143 the fine-scale near-wall eddies, but might be too coarse to obtain reliable high-order turbu-144 lent statistics (which are outside the scope of this investigation). As for laminar-turbulent 145 patterns, the present resolution is sufficient since pattern formation is numerically robust in 146 this range of parameters (see the extended resolution study in Ref. [29] ).
147
Smooth pCf is a convenient prototype for the study of subcritical transition since the modified Navier-Stokes equations read:
where u i are the full velocity components (including the base flow) and p the hydrodynamic near a wall differ significantly from free-stream cases. In order to obtain a better outer layer 168 similarity they suggested the drag term ∝ −|u i |u i used in the present study. This form also 169 ensures that this term always has a damping effect on near-wall velocities. The roughness 170 factor α i accounts for the density of the roughness elements, higher values implying more 171 densely spaced elements. The shape function F i models the height of the roughness elements.
172
We refer to the original study [8] for an extensive discussion of the shape function and its
173
influence on the velocity statistics. In principle, both α i and F i can be direction-dependent.
174
However in this more generic study we restrict ourselves to cases where both are independent
175
of the direction, that is, α x = α y = α z = α and F x = F y = F z = F . Furthermore, we chose 176 α = 1 which corresponds to mildly dense roughness elements [8] . Finally, only two roughness shape functions will be considered : (i) a rectangular-shaped (box) profile
and (ii) a Gaussian profile
Besides, we consider a varying roughness height. The mean roughness height h can be 180 defined in different ways, but here we use the suggestion in Ref.
[8] :
The quantity η is chosen as η(h) = 2h for the rectangular profile i) and case here for all parameters tested, as can be seen in Fig. 3 , where the volume-averaged The rest of the paper is devoted to numerical evidence (or not) for laminar-turbulent 
SIMULATION RESULTS WITH TWO ROUGH WALLS
α - 1.0 h 0.0 0.0-0.125 0.0-0.1 0.0-0.25 0.0-0.125 L x × L y × L z 68d × d × 34d N x × N y × N z 512
Rectangular roughness shape function

265
We now consider the case of two rough walls using the Busse-Sandham modelling ap-
266
proach. We focus more extensively on the rectangular roughness shape function (case (i) in
267
Eq. 2). The roughness density parameter α is fixed to unity, so that the parametric study shear stress needed to define u 2 τ will be discussed in the next paragraph. In the core of the 293 flow outside the roughness layer, the sum of the viscous and turbulent shear is equal to u 2 τ .
294
The results show classically that −u ′ x u ′ y is strictly positive and reaches its maximum at the 
This expression allows one to evaluate τ w directly from the knowledge of the flow field for 321 any y > η(h) (where F (y) can be neglected), via:
The total mean shear stress τ t contains both the usual mean shear stress at the flat wall and 323 the contribution of the roughness term, such that τ t = τ w + ρα
which happens to be the usual expression for an arbitrary wall geometry in the absence of 326 roughness modelling. In the present case, τ t and thus C f are evaluated at mid-gap. It was 327 carefully verified that u ′ x u ′ y − ν∂ y u x is a conserved quantity for each value of y away from 
348
The mean velocity gradients display now smoother profiles, as shown in Fig. 10 . The sequence of flow fields visualized in Fig. 12 while the other wall is static with roughness, seems a more promising set-up in practice.
367
The present section is devoted to the analysis of this case using the Busse-Sandham model.
368
As in Section 4, a parametric and energetic study is shown for the case of rectangular shape 369 function, and it is verified within a reduced parameter range that the results also hold for
370
Gaussian shape function. 
Rectangular roughness shape function
372
The parametric study with one rough wall, and rectangular roughness shape function,
373
has again been conducted with α = 1 and with two free parameters Re w and h, following the 374 same adiabatic decrease procedure. The zoology of regimes encountered is listed in Fig. 13 .
375
For relatively small roughness heights (h ≤ 0.05 and to some extent ≤ 0.1), the situation 376 377
is unchanged compared to the smooth case. This is also verified in Fig. 14 by visualising   378 the flow patterns at fixed Re w = 1300 for increasing h : the plot is similar to Fig. 6 for two 379 rough walls in that the width of the turbulent zone increases with increasing h.
381
By convention the rough wall is located at y = 0 (no virtual origin) whereas the smooth to standard oblique laminar-turbulent stripe patterns nor to anything ever reported in pCf.
400
We will describe each of them, keeping in mind that they are outputs from a specific model shed light on the mechanisms ruling laminar-turbulent patterns.
405
The first regime to be described is shown in Fig. 17 using the same planar representation Wall-normal position where mean velocity gradient is minimal outside the roughness region.
reported as transients, with mean lifetimes decreasing fast for smaller Re w , see Ref.
[28].
409
Identifying a sustained stripe pattern at Re w = 1100 and 900, i.e. respectively 15% and 30% induced by roughness elements also triggers instabilites able to maintain the stripe pattern.
413
Note that the pattern identified for Re w = 900 ( Wall-normal position where mean velocity gradient is minimal outside the roughness region.
Another interesting regime shown in Fig. 18 is marked with green triangles in Fig. 13 .
421
The flow exhibits one or several laminar spots evolving in a turbulent environment. These (see Fig. 13 ).
432
The next interesting regime has no strict equivalent in smooth pCf. This regime was 
where capital letters denote y-integration from wall to wall. In the presence of smooth walls, 
The main consequence of Eq. (9) is that streamwise mean flow modifications can either be The friction factor C f , defined again as C f = 2τ t /(ρu measures the drag at the flat wall. Similarly, a friction Reynolds number Re τ can be defined 509 using τ t (rather than τ w ) by
The quantity Re τ is plotted in Fig. 25 as a function of the usual Reynolds number Re w .
511
Not surprisingly, the effect of wall roughness predicted by the model is an increase in Re τ ,
512
quantitatively stronger for two rough walls than for one rough wall. This expresses the 513 deterioration of the energetic efficiency of the system with increasing roughness height. We first address the local sustenance mechanisms in the light of the self-sustained pro-523 cess (SSP) suggested by Waleffe [44] . This nonlinear process considers, in the absence of 524 roughness, that decaying streamwise vorticity first advects streamwise velocity to create 525 streamwise streaks by the lift-up effect. These streaks then undergo an inflectional instabil-526 ity generating three-dimensional vorticity, some of which reinforces the streamwise vorticity.
527
If that feedback is strong enough, it prevents the original streamwise vorticity from decay- The global approach to sustained shear flow turbulence addresses the stability of localised 
574
The mean profile distortion due to some localised turbulent fluctuations prevents sustenance 
∇ · u = 0. 
p rough = −∇ −2 (∇Φ(u, F, h)) .
The free parameter h, which parametrises the roughness height, can also be seen as a free pa- 
